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Summary
Objective: Although osteoarthritis (OA) is induced by accumulated mechanical stress to joints, little is known about the underlying molecular
mechanism. To apply approaches from mouse genomics, this study created experimental mouse OA models by producing instability in the
knee joints.
Methods: The models were of four types: severe, moderate, mild, and medial, depending on the severity and direction of instability imposed by
combinations of ligament transection and menisectomy. OA development was evaluated by X-ray and histology by Safranin-O staining, and
quantiﬁed using our original gradings. Expressions of type II, IX and X collagens and matrix metalloproteinase (MMP)-2, -3, -9 and -13 were
further examined by immunohistochemistry and in situ hybridization (ISH).
Results: The severe, moderate and mild models exhibited OA development in the posterior tibial cartilage. The severe model showed cartilage
destruction at 2 weeks and osteophyte formation at 4e8 weeks after surgery; however, the mild model showed only a partial cartilage
destruction at 8 weeks. The grading conﬁrmed that the OA disorders progressed depending on the severity of joint instability. In the medial
model, the OA development in the medial tibial cartilage was similar to that in the posterior cartilage of the mild model. Among the collagens
and MMPs, type X collagen and MMP-13 were markedly induced and colocalized in the early stage OA cartilage.
Conclusion: We established four types of mouse models exhibiting various speeds of OA progression. By applying a mouse genomics
approach to the models, molecular backgrounds in various stages of OA development can be clariﬁed.
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Osteoarthritis (OA), a chronic degenerative joint disorder
characterized by articular cartilage destruction and osteo-
phyte formation, is prevalent in society as a major cause of
disability. In Western countries, 10e50% of the senior
population is affected by OA, a quarter of whom are
severely disabled due to joint symptoms1,2. In Japan as
well, approximately 10 million of the country’s 120 million
inhabitants are suffering from OA, with the ﬁgure increasing
by nine hundred thousands every year. Because of the
prevalence of the disease in the elderly, this trend is
occurring worldwide as a consequence of increasing
longevity due to the overall improvement in living conditions
and health status3. Despite signiﬁcant social demand,
research on OA is still marginalized within biomedical
research, so that the cellular and molecular bases for the
disease are largely unmapped. Risk factors of OA so far
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Received 10 August 2004; revision accepted 2 March 2005.63identiﬁed by previous epidemiologic studies are limited to
age, trauma history, occupation and gender4. Since these
factors are closely related to the mechanical loading to the
joints, it is assumed that a large part of OA is induced by
accumulated mechanical stress. In efforts to clarify the
mechanisms by which the stress lead to OA development,
animal models of OA induced by producing instability of
joints through surgical intervention have been developed in
dogs, rabbits, guinea pigs and rats5e8.
Due to rapid progress of mouse genomics and the
availability of transgenic and knockout mice, the mouse is
now the most ideal animal model for the study of
molecular backgrounds of physiological and pathological
conditions. There are actually several mouse OA models:
spontaneous models exhibiting OA with aging such as
STR/ort mouse9 and C57 black mice10, and gene-
manipulated mice such as Del111. However, since most
of these models exhibit other cartilage disorders such as
chondrodysplasia due to genetic mutations of cartilage
matrix components, etc. even in the absence of mechan-
ical stress, they are inadequate to study the mechanism
of the stress-induced OA. Based on the hypothesis that
the difﬁculty in elucidation of the OA mechanism is at
least partly because the stress-induced OA animal2
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no gene manipulation technique has yet been developed,
the present study aimed at creating stress-induced OA
models in mice, that are reproducible and resemble the
human OA, using a microsurgical technique to produce
instability in the knee joints. The models were of four
types: severe, moderate, mild, and medial, depending on
the severity and direction of joint instability imposed by
combinations of ligament transection and menisectomy.
By combining these models, we performed histological
analyses of the OA articular cartilage, and looked at the
cellular and molecular changes in the development of OA.
Methods
EXPERIMENTAL ANIMALS AND SURGICAL PROCEDURES
All experiments were performed according to the protocol
approved by the Animal Care and Use Committee of the
University of Tokyo. C57Black6/J mice (18e22 g) were
obtained from Charles River Japan Co. (Yokohama,
Japan). Mice at 8 weeks of age were divided into three
groups: severe, moderate, and mild models (nZ 30/
model). Under general anesthesia with pentobarbiturate
(0.5 mg/10 g body weight, i.p., Sigma, St. Louis, Missouri),
the bilateral hind limbs were shaved and prepared for
aseptic surgery. Figure 1 summarizes the combinations of
ligament transection and menisectomy in the mouse knee
joints for the four models. In the severe model, the right
knee joint was exposed and the patellar ligament (PL) was
transected. Then, the anterior/posterior cruciate ligaments
(ACL/PCL) and the medial/lateral collateral ligaments (MCL/
LCL) were transected, and the medial/lateral menisci (MM/
LM) were removed using a surgical microscope and micro-
surgical technique. After irrigation with saline to remove
tissue debris, the skin incision was closed. During the pro-
cedure, close attention was paid not to injure the articular
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Fig. 1. Scheme of the mouse knee joint and the combinations of
ligament transection and menisectomy in the severe, moderate,
mild and medial models. PL, patellar ligament; MM, medial
meniscus; LM, lateral meniscus; MCL, medial collateral ligament;
LCL, lateral collateral ligament; ACL, anterior cruciate ligament;
PCL, posterior cruciate ligament.cartilage. The contralateral knee joint was sham-operated
through the same approach without any ligament transec-
tion or menisectomy. The animals were allowed unrestricted
activity, food, and water ad libitum. In the moderate model,
the knee joint was exposed following a medial capsular
incision and gentle lateral displacement of the extensor
mechanism without transection of the PL. The ACL was
transected and the MM was removed. After replacement of
the extensor mechanism, the medial capsular incision was
sutured and the skin was closed. In the mild model, using
the same surgical approach as the moderate model, only
ACL was transected and the incision was closed. The
medial model was created without ACL transection; for this
model the MCL was transected and the MM was removed
through the same procedure (nZ 30).
RADIOLOGICAL AND HISTOLOGICAL ANALYSES
Radiographs of the mouse knee joints were taken in the
anteroposterior and lateral projections at 0 (immediately
after surgery), 2, 4, and 8 weeks after surgery under general
anesthesia using a soft X-ray apparatus (CMB-2; Softex
Co., Tokyo, Japan), and were evaluated by a single
observer who was blinded with regard to the experimental
group. Mice of severe, moderate and mild models were
sacriﬁced at 2, 4, and 8 weeks (nZ 10 at each time point),
and those of the medial model were sacriﬁced at 2, 4, 8
(nZ 7 at each time point) and 12 weeks (nZ 9). The
numbers of mice were conﬁrmed to be enough to perform
statistical analyses12. The whole knee joints were dissected,
and ﬁxed in 4% paraformaldehyde (PFA) buffered with
phosphate buffered saline (PBS) (pH 7.4) for 4 h at 4(C.
The specimens were decalciﬁed for 2 weeks with 10%
ethylene-diamine tetraacetic acid (EDTA) (pH 7.4) at 4(C.
After dehydration with an increasing concentration of
ethanol and embedding in parafﬁn, 4 mm sagittal sections
for the severe, moderate and mild models were cut from the
whole medial compartment of the joints, and frontal sections
for the medial model were cut from the whole joints.
Sections were stained with Safranin-O-fast green, and the
OA development in the tibial plateau was quantiﬁed by our
original histological grading scores of 0e4 for cartilage
destruction and 0e3 for osteophyte formation (Table I). The
grade of OA was determined as the most advanced grade
in all sections by a single observer who was blinded with
regard to the experimental group. In an effort to control the
inherent subjectivity of the assessment technique, all
sections were graded by the same observer on two
separate occasions, more than a month apart. Although
the intraobserver reproducibility was conﬁrmed to be more
Table I
Histological grading for osteoarthritic changes in mouse model
Grade
I. Cartilage destruction
A. No apparent changes 0
B. Loss of superﬁcial zone in articular cartilage 1
C. Defects limited above tidemark 2
D. Defects extending to calciﬁed cartilage 3
E. Exposure of subchondral bone 4
II. Osteophyte formation
A. None 0
B. Formation of cartilage-like tissues 1
C. Increase of cartilaginous matrix 2
D. Endochondral ossiﬁcation 3
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as the ﬁnal grade.
IMMUNOHISTOCHEMISTRY
Immunohistochemical localizations of type II, IX and X
collagens, matrix metalloproteinase (MMP)-2, -3, -9 and -13
were performed in dewaxed parafﬁn sections as previously
described13. The sections were treated with 0.3% hydrogen
peroxide in PBS for 30 min at room temperature. To
enhance the permeability of the extracellular matrix,
glycosaminoglycans were removed by incubating the
sections with 2.5% hyaluronidase (Sigma, St. Louis,
Missouri) for 30 min at 37(C, as previously reported14.
After blocking by PBS containing 1% bovine serum albumin
(Sigma) for 1 h at room temperature, they were incubated
with polyclonal rabbit antibodies against rat type II, IX and X
collagens (LSL, Tokyo), and polyclonal goat antibodies
against rabbit MMP-2, -3, -9 and -13 (CHEMICON In-
ternational, Inc., Temecula, CA) at a dilution of 1:100 for
24 h at 4(C. As negative controls, we used non-immune
rabbit or goat IgG of the same dilution instead of the primary
antibodies. The sections were rinsed in PBS and incubated
with the horseradish peroxidase (HRP)-conjugated goat
antibodies against rabbit IgG (ICN Biomedicals, Inc.,
Aurora, Ohio) for 20 min at room temperature. The sections
were washed with PBS, immersed in a diaminobenzidine
solution for 10 min at room temperature to visualize any
immunoreactivity, and were then counterstained with
methylgreen.
IN SITU HYBRIDIZATION
In situ hybridization (ISH) with non-radioactive or radio-
active probes was performed as previously described with
minor modiﬁcations15. In brief, dewaxed parafﬁn sections
were postﬁxed with 4% PFA buffered with PBS (PFAePBS)
for 15 min at room temperature. After washing with PBS,
sections were digested with 10 mg/ml proteinase K for
15 min in PBS, treated again with 4% PFAePBS for 10 min
to inactivate proteinase K, washed with PBS, incubated with
0.2 N HCl for 10 min, washed with PBS, acetylated with
0.3% acetic anhydride in the presence of 0.1 M triethanol-
amine for 10 min, treated with 3% hydrogen peroxide/
methanol for 30 min, dehydrated with increasing concen-
trations of ethanol, and air dried. Hybridization with
complementary digoxigenin (DIG)-labeled or 35S-labeled
riboprobes for mouse type X collagen (generously given by
B. Olsen, Harvard Medical School, Boston, MA) and mouse
MMP-13 (generously given by S. Schipani, Massachusetts
General Hospital, Boston) was performed in a humidiﬁed
chamber in a solution containing 50% formamide, 10%
dextran sulfate, 1! Denhardt’s solution, 600 mM NaCl,
10 mM dithiothreitol, 0.25% sodium dodecyl sulfate, and
150 mg/ml transfer RNA for 16 h at 52(C. After hybridiza-
tion, sections were sequentially washed once with 50%
formamide/2! saline sodium citrate (SSC) for 5 min at
52(C, twice with 2! SSC for 1 min at room temperature,
once with 10 mg/ml RNaseA/2! SSC for 30 min at 37(C,
twice with 2! SSC for 1 min at room temperature, and once
with 50% formamide/2! SSC for 5 min at 52(C. For the
detection of DIG-labeled probes, slides were blocked by
PBS containing 1% bovine serum albumin (Sigma) for
10 min at room temperature, and incubated with HRP-
conjugated anti-DIG rabbit polyclonal antibody (Dakopatts,
Glostrup, Denmark) at a dilution of 1:100 for 24 h at 4(C.
After washing three times with tris-buffered saline containing0.1% Tween-20 (TBS-T), the sections were immersed in
a diaminobenzidine solution for 10 min at room temperature
to visualize immunoreactivity, then were counterstained
with methylgreen. For the detection of radioactive probes,
slides were placed on X-ray ﬁlms, and the autoradiographs
were obtained after overnight exposure. Slides were dipped
into NTB-2 (Eastman Kodak, New Haven, CT) and stored at
4(C for the times estimated from the intensity of signals on
the X-ray ﬁlm. After development, sections were counter-
stained with hematoxylineeosin.
STATISTICAL ANALYSIS
Means of groups were compared by ANOVA and
signiﬁcance of differences was determined by post-hoc
testing with Bonferroni’s method.
Results
TIME COURSE OF RADIOLOGICAL CHANGES IN THE SEVERE,
MODERATE AND MILD MODELS
We ﬁrst performed radiological analyses of the knee
joints in the severe, moderate and mild models (Fig. 2). All
mice in the three models exhibited anterior subluxation of
the tibiae causing joint destruction and osteophyte forma-
tion at the posterior part of the joints. The progression
speed of the radiological disorders was dependent upon the
severity of joint instability induced by the surgery. The
severe model showed joint destruction at 2 weeks and
osteophyte formation at the posterior tibiae 4 weeks after
surgery. The moderate model showed joint destruction and
osteophyte formation at 4 weeks, both of which progressed
thereafter. Contrarily in the mild model these changes could
not be detected until 8 weeks, although the deterioration of
joint congruency and the subchondral sclerotic changes
were visible at 8 weeks.
TIME COURSE OF HISTOLOGICAL CHANGES IN THE SEVERE,
MODERATE AND MILD MODELS
Histological examinations were then made using Safra-
nin-O staining to learn more of the time course of OA
development. In the sham-operated knee joints of the
contralateral side, the articular cartilage of the tibiae had
a smooth surface, evenly stained with Safranin-O, and
attached to the subchondral bone 8 weeks after surgery
[Fig. 3(A)]. In the superﬁcial zone of the tibial articular
cartilage, one or two layers of ﬂat cells were arranged
tangentially, and round cells were observed in the middle
zone above the tidemark. These histological ﬁndings were
similar to those of normal knee cartilage of mice without any
surgical intervention at the same age.
Figure 3(B) shows low (left panel) and high (right panel)
magniﬁcations of joints, which principally demonstrate
the osteophyte formation and cartilage destruction, re-
spectively, at the posterior tibiae in severe, moderate and
mild models. In the low magniﬁcation feature of the severe
model, a cartilaginous tissue extended from the posterior
tibial cartilage 2 weeks after surgery, and gradually grew
with an increase of the Safranin-O staining at 4 weeks. By 8
weeks, the tissue had developed into an osteophyte
through endochondral ossiﬁcation. In the moderate model,
the maturation and development of osteophyte were
somewhat slower, corresponding to the radiological ﬁnd-
ings. Contrarily, osteophyte formation was hardly visible in
the mild model until 8 weeks. In these three models,
635Osteoarthritis and Cartilage Vol. 13, No. 7Fig. 2. Time course of lateral X-ray features of the knee joints in the severe, moderate and mild models. Radiographs were taken at the
indicated weeks after surgery under general anesthesia using a soft X-ray apparatus. Due to the anterior subluxation of the tibiae, joint
destruction and osteophyte formation were visible in the posterior tibial plateau. The changes were dependent on the time after surgery and
the severity of joint instability.thickened synovium due to inﬂammatory reaction to the
surgical invasion was visible at 2 weeks, but not thereafter.
The cartilage destruction at the tibiae seen in the high
magniﬁcation features of the severe model showed a loss
of the superﬁcial zone, a decrease in Safranin-O staining
and an increase in cellularity in the middle zone at 2
weeks. At 4 weeks, the defect of the articular cartilage
had developed into the calciﬁed cartilage layer below
the tidemark, and ﬁnally almost the full thickness of the
articular cartilage was destroyed by 8 weeks. In the
moderate model, the early stage disorders were also
noted within 2 weeks, while the defect of articular
cartilage was limited to the area above the tidemark at
4 weeks, and gradually extended to the calciﬁed cartilage
at 8 weeks. The mild model did not exhibit any changes
in the articular cartilage at 2 weeks, but proliferation and
shape change of chondrocytes began by 4 weeks.
Cartilage destruction in the mild model rarely reached
the middle layer even at 8 weeks.
In order to quantify the time course of OA development in
the three models, we used our original gradings for cartilage
destruction and osteophyte formation (Table I). For the
grading of the cartilage destruction, we referred to the simple
scoring systems in mouse OA models by Wilhelmi and
Faust10, Helminen et al.16, Chambers et al.17, Saamanen
et al.11, and Price et al.18, and modiﬁed them, because the
mouse cartilage contains only a few cell layers. In addition,
osteophyte formation was graded into four ranks, according
to the process of endochondral ossiﬁcation. Based on the
histological grading scores, both cartilage destruction and
osteophyte formation increased as functions of time after
surgery and severity of joint instability (Fig. 4). The severemodel exhibited the most drastic increases of both param-
eters, while the moderate model showed somewhat lower
scores, although not signiﬁcantly different from the severe
model. The scores of the mild model were the lowest and
remained less than half those of the other two models
throughout the observation period up to 8 weeks.
TIME COURSE OF HISTOLOGICAL CHANGES
IN THE MEDIAL MODEL
Since the three models above include the ACL transec-
tion, they exhibited the anterior subluxation causing the OA
development at the posterior part of the joints. Considering
that most of the clinical knee OA cases have major
disorders in the medial tibial cartilage, we performed
transection of the MCL instead of the ACL. Although the
MCL transection alone did not lead to any OA changes until
12 weeks after surgery (data not shown), the combination of
MCL transection and medial menisectomy caused the
cartilage destruction and osteophyte formation in the medial
tibial cartilage (Fig. 5). The time course of OA development
was similar to or slightly more severe than that of the mild
model: proliferation and shape change of chondrocytes at
2e4 weeks, cartilage destruction into the middle zone at 8
weeks, and osteophyte formation at 12 weeks.
COLLAGEN AND MMP EXPRESSION
IN THE MOUSE OA MODELS
Cellular changes in the early stage of OA cartilage were
determined by immunohistochemistry and ISH for collagens
and MMPs, both of which have been implicated in OA
636 S. Kamekura et al.: Novel osteoarthritis models in miceFig. 3. Time course of histology of the knee joints in the severe, moderate and mild models. After ﬁxation, decalciﬁcation and embedding, 4 mm
sagittal sections were cut from the whole knee joints, and were stained with Safranin-O-fast green. Arrowheads indicate the level of the tide
mark. Scale bar, 1 mm and 50 mm for low and high magniﬁcations, respectively. (A) Low (left) and high (right) magniﬁcations of sham-operated
knee joints 8 weeks after surgery. Blue, red, green, and black bars indicate superﬁcial zone, middle/deep zones, calciﬁed cartilage, and
subchondral bone, respectively. (B) Low (left) and high (right) magniﬁcations of severe, moderate and mild models at the indicated weeks after
surgery, which represent osteophyte formation and cartilage destruction, respectively.development. The immunohistochemical localization of
cartilage speciﬁc type II and IX collagens was comparable
between the OA cartilage in the moderate model and the
sham-operated control 2 weeks after surgery [Fig. 6(A)]. In
both mice, type II collagen was strongly stained in all zones
of the articular cartilage both above and below the tidemark,
while type IX collagen was mainly localized in and around
chondrocytes in the superﬁcial and middle zones of
cartilage above the tidemark, but weakly in the calciﬁed
cartilage below the tidemark. Type X collagen, a speciﬁc
marker of hypertrophic chondrocytes, was faintly stained in
the calciﬁed cartilage below the tidemark; however, the OAcartilage showed its immunoreactivity in and around
chondrocytes above the tidemark. ISH conﬁrmed the
expression of mRNA in chondrocytes of these areas,
indicating the presence of pathological chondrocytes that
undergo hypertrophic differentiation in the early stage of OA
development [Fig. 6(B)]. In the severe, mild, and medial
models, type X collagen expression in chondrocytes of the
superﬁcial and middle zones was also seen at 1, 4, and 4
weeks, respectively, after surgery (data not shown).
We next compared MMP-2, -3, -9 and -13 expression
between the OA cartilage in the moderate model and the
sham-operated control 2 weeks after surgery [Fig. 7(A)].Cartilage destruction score Osteophyte formation score Severe
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Mild
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Fig. 4. Time course of OA development by the histological grading scores in the severe, moderate and mild models. The OA development was
graded by scores of 0e4 for cartilage destruction and 0e3 for osteophyte formation as shown in Table I. Both cartilage destruction and
osteophyte formation scores increased as functions of time after surgery and severity of joint instability. Data are expressed as the means
(symbols)G S.E.M. (error bars) for 10 mice/time point in each model. *P! 0.01 vs severe model, #P! 0.01 vs moderate model.
637Osteoarthritis and Cartilage Vol. 13, No. 7Fig. 5. Time course of OA development in the medial model. After ﬁxation, decalciﬁcation and embedding, 4 mm frontal sections were cut from
the whole knee joints, and were stained with Safranin-O-fast green. (A) Histological features of low (top) and high (bottom) magniﬁcations at
the indicated weeks after surgery. Arrowheads indicate the level of the tide mark. Scale bar, 500 mm and 50 mm for low and high
magniﬁcations, respectively. (B) Time course of OA development by the histological grading as shown in Table I. Data are expressed as the
means (symbols)G S.E.M. (error bars) for seven mice at 2, 4, 6 weeks and for nine mice at 12 weeks.MMP-2 and MMP-9 were localized solely in the calciﬁed
cartilage and subchondral bone area, while MMP-3 immu-
nolocalization was visible above the tidemark. These local-
izations were similar in the OA and control cartilages. In
contrast, the immunostaining of MMP-13 was enhanced in
the superﬁcial and middle zones of the OA cartilage, which
was rarely seen in the control. Since the localization of
MMP-13 was quite similar to that of type X collagen shown in
Fig. 6(A), we assume that MMP-13 is produced by
pathological hypertrophic chondrocytes in earlyOA cartilage.
To examine the expression patterns of type X collagen
and MMP-13 in more advanced OA cartilage, immunostain-
ing was performed in the severe model 4 weeks after
surgery. These were also colocalized in the areas adjacent
to the destructive lesion of the OA cartilage, conﬁrming the
close connection between the hypertrophic differentiation
and MMP-13 production by chondrocytes [Fig. 7(B), top].
When ISH analyses of type X collagen and MMP-13 in
the growth plate of fetal mouse tibiae (E17.5) were per-
formed to examine their connection under physiologi-
cal conditions, they were not colocalized as in OA
cartilage: only the highly differentiated cells in the type X
collagen-positive chondrocytes expressed MMP-13. These
results suggest that the appearance of abnormal chondro-
cytes that simultaneously undergo hypertrophic differentia-
tion and MMP-13 expression in the superﬁcial and middle
zones is characteristic in the development of OA.Discussion
As a ﬁrst step in applying mouse genomics that has
recently made a breakthrough in the biological research on
OA development, the present study established four types
of experimental mouse OA models by producing instability
in the knee joints. Although it may seem difﬁcult to perform
the operation in the small joints of mice without direct
damage at the time of surgery, microscopic and microsur-
gical technique have made it much safer and easier. In fact,
a beginner performing the operation for the ﬁrst time who
has at least experience in clinical surgery under a micro-
scope can accomplish the entire procedure within 20 min
without damaging the articular cartilage.
The early stage changes in the mouse articular cartilage
after surgery were found to be a defect of the superﬁcial
zone and a decrease of Safranin-O staining, followed by
progressing cartilage destruction and aggravation of joint
congruency that created a vicious circle to advance the
condition. These changes were identical to the human
OA pathology reported as arthroscopic and histological
ﬁndings19,20. Along with the catabolic changes, anabolic
reactions such as chondrocyte proliferation, subchondral
sclerosis, and osteophyte formation were also seen in the
human OA cartilage. Although previous OA models of larger
animals are known to recapitulate these anabolic changes7,
it was difﬁcult to accurately evaluate and quantify the
638 S. Kamekura et al.: Novel osteoarthritis models in miceFig. 6. Immunohistochemistry for type II, IX and X collagens (Col II, Col IX and Col X) (A) and ISH for Col X mRNA (B) in the OA and control
cartilages. Stainings of the OA cartilage in the moderate model and the sham-operated control 2 weeks after surgery. Blue, red, green, and
black bars indicate superﬁcial zone, middle/deep zones, calciﬁed cartilage, and subchondral bone, respectively. Scale bar, 50 mm.
Immunohistochemistry was performed in dewaxed parafﬁn sections with polyclonal rabbit antibodies against rat Col II, Col IX and Col X as
described in Methods. ISH was performed in the parafﬁn sections using complementary DIG-labeled riboprobes for mouse Col X. The sections
were counterstained with methylgreen. Although Col II and Col IX expressions were similar between the OA and control cartilages, Col X was
localized in the chondrocytes of the superﬁcial and middle zones (arrowheads) of the OA cartilage, but not of the control.chondrocyte proliferation and subchondral bone sclerosis in
the current mouse models in which the articular cartilage
contains only a few cell layers. We therefore did not include
the anabolic parameters except the osteophyte formation in
the present histological grading system, and created
a simpler system than Mankin’s grading system21 that is
frequently used for OA of larger animals and humans.
Although the instability was present in the knee joints, the
OA change was muchmore severe in the tibial cartilage than
in the femoral condyle cartilage. Since the cartilage layer is
much thinner and osteophyte formation is rarely seen in the
femoral condyle, it is difﬁcult to quantify OAdevelopment with
the same accuracy as in the tibial cartilage. Hence, the
current models focused on OA change in the tibial cartilage.
In the three models with ACL transection, severe, moderate
andmild, OA development in the posterior tibial cartilagewas
dependent on the severity of joint instability, indicating that
combinations of these models will enable us to identify the
molecular backgrounds at various stages. The severe and
moderate models appeared to be useful to evaluate reactive
osseous changes like osteophyte formation which is char-
acteristic in the late stage of OA. Because the moderate
model showed somewhat slower progress in the early stage
of cartilage destruction than the severe model, this model
also seemed suitable to follow the entire process including
the early stage changes. The OA development in the mild
model was limited to a partial cartilage destruction, and
chondrocyte morphology was relatively preserved during the
observation period, indicating that this model is useful for
detailed investigations of the early stage.
There is a recent report using a mouse OA model through
MCL transection and partial medial menisectomy of the
knee joints22. In that study, Clements et al. observed OA
development in mice lacking interleukin-1b (IL-1b), IL-1b-
converting enzyme, stromelysin 1 or inducible nitric oxide
synthase, all of which were theoretically thought to play
important roles in the development of the condition23.
However, all mutant mice unexpectedly exhibited an ac-
celeration of cartilage destruction 4 weeks after surgery,implying that these factors were essential for balancing
anabolism and catabolism in the early stage of OA develop-
ment, as the authors discussed. The Clements model re-
sembles the medial model in the present study, which
showed OA development in the medial compartment of the
joint just like most cases of human knee OA. Although OA
progression in the medial model was similar to or slightly
more rapid than that in the posterior cartilage of the mild
model, late stage changes including osteophyte formation
could be observed. The differences between the Clements
model and our medial model are the range of menisectomy
and the observation period: partial (about half) menisectomy
and 4-week observation for the former, and total menisec-
tomy and 12-week observation for the latter. Creating our
medial model in the mutant mice will enable us to examine
the effects of these catabolic factors on the OA development
not only in the early stage, but also in the later stages, which
might be differently regulated. Furthermore, application of
combinations of three types of models with ACL transection
will elucidate the stage-speciﬁc role of the factors in more
detail.
The usefulness of the models was demonstrated by
immunohistochemistry and ISH of collagens and MMPs,
showing that type X collagen andMMP-13 were induced and
colocalized in OA cartilage. Articular cartilage is considered
to be a permanent cartilage that is free from hypertrophic
chondrocytes with type X collagen expression except for the
calciﬁed cartilage. In fact, type X collagen localization in the
sham-operated knee cartilage was limited to the area below
the tidemark; however, in the OA cartilage, type X collagen
was strongly expressed in chondrocytes above the tidemark.
Previous studies supported the increase in the expression of
type X collagen in OA articular chondrocytes, and some
reports showed that other ectopic terminal differentiation
markers including annexin VI, alkaline phosphatase, osteo-
pontin, and osteocalcin were detected in the OA chondrocy-
tes24e27. In the meantime, the expression of MMP-13 that
potently degrades cartilage matrix with preference to type II
collagen is reported to be upregulated in OA28,29. The
639Osteoarthritis and Cartilage Vol. 13, No. 7Fig. 7. Immunohistochemistry for MMP-2, -3, -9 and -13 in the OA and control cartilages (A), and the localizations of type X collagen (Col X)
and MMP-13 in the OA cartilage and the growth plate (B). Blue, red, green, and black bars indicate superﬁcial zone, middle/deep zones,
calciﬁed cartilage, and subchondral bone, respectively. (A) Immunostainings of the OA cartilage in the moderate model and the sham-
operated control 2 weeks after surgery. Immunohistochemistry was performed in dewaxed parafﬁn sections with polyclonal goat antibodies
against rabbit MMP-2, -3, -9 and -13 as described in Methods. The sections were counterstained with methylgreen. Scale bar, 50 mm. (B) Top:
Immunostainings for Col X and MMP-13 of the OA cartilage in the severe model 4 weeks after surgery. Bottom: ISH for Col X and MMP-13 in
the tibial growth plate of mouse embryo (E17.5). In the OA cartilage MMP-13 and Col X (arrowheads) were colocalized in the vicinity of the
defect lesion (asterisk), although in the normal growth plate only the highly differentiated subpopulation in the Col X-positive chondrocytes
expressed MMP-13. Scale bar, 100 mm.transgenic mouse expressing constitutively active MMP-13
showed OA changes under physiological conditions30,
suggesting a close relationship between MMP-13 and
cartilage destruction in OA. These ﬁndings suggest that
articular chondrocytes could not maintain characters of
a permanent cartilage during OA development, but gained
those of a differentiating cartilage such as growth plate and
fracture callus. The previous and present studies revealed
that in the growth plate there is a strict regulation between
type X collagen and MMP-13 expression patterns: only the
highly differentiated cells in the type X collagen-positive
chondrocytes expressed MMP-1331,32. This sequence of
expression may be important for the physiological process of
endochondral ossiﬁcation following the cartilage matrix
degradation during skeletal growth. However, in OA carti-
lage, this hierarchy was disrupted: MMP-13 expression was
colocalized with that of type X collagen in chondrocytes
above the tidemark. We thus speculate that recruitment ofabnormal chondrocytes that simultaneously undergo hyper-
trophic differentiation and MMP-13 expression under the
stimulation of mechanical stress may be a key event in the
development of OA.
In summary, we established four types of mouse models
exhibiting various speeds of OA progression stimulated by
mechanical stress. These models were practical, reproduc-
ible, and showed pathologic features similar to human OA.
And, more importantly, by applying a mouse genomics
approach to the models, molecular backgrounds in various
stages of OA development could be examined. Hence, the
next task will be to apply the models to mice lacking or
overexpressing candidate genes. First, we are interested in
the OA development in MMP-13-deﬁcient mice. In addition,
chondrocyte hypertrophy and MMP-13 remind us of
a transcriptional activator Runx2 that is known to positively
regulate both of them33e39. Although homozygous Runx2-
deﬁcient mice died just after birth, the heterozygous
640 S. Kamekura et al.: Novel osteoarthritis models in micedeﬁcient mice developed and grew normally without
abnormalities of major organs except for cleidocranial
dysplasia33,40. Studies creating OA models in these de-
ﬁcient mice are now underway.
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